r α-linolenic acid (ALA) and exercise training both attenuate hyperlipidaemia-related cardiovascular derangements, however, there is a paucity of information pertaining to their mechanisms of action when combined.
Introduction
Obesity and the associated dyslipidaemia are very strong risk factors for the development of atherosclerosis and cardiovascular disease. Furthermore, a chronic increase in serum free fatty acid (FFA) availability can impair myocardial contractile function independent of coronary artery disease and hypertension, a pathology referred to as diabetic cardiomyopathy (Rubler et al. 1972; Aneja et al. 2008; Zheng et al. 2015) , which is the leading cause of morbidity and mortality among diabetics (McEwen et al. 2010; Battiprolu et al. 2012) . Although our understanding of the mechanisms through which hyperlipidaemia compromises heart function remain poorly elucidated, hyperlipidaemia has been linked to increased cardiac oxidative stress, fibrotic tissue deposition, decreased mitochondrial content and impaired coronary blood flow (Boudina et al. 2007; Anderson et al. 2009; Boudina & Abel, 2010) . Therefore, identifying lifestyle approaches that mitigate several of these derangements may be particularly beneficial in preventing the establishment of diabetic cardiomyopathy.
One potential preventative approach to counteract the development of diabetic cardiomyopathy is the consumption of diets rich in omega-3 polyunsaturated fatty acids (n-3 PUFA), such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). These bioactive lipids are known to improve lipid profiles, reduce mean arterial blood pressure (MBP) (Poudyal et al. 2012; Miller et al. 2014 ), promote vascular relaxation and limit platelet aggregation (Colussi et al. 2017; Simopoulos, 2006) . In addition to these peripheral responses, n-3 PUFAs also increase the anti-oxidant capacity of cardiac muscle, improve left ventricular (LV) contractility and prevent cardiac fibrotic tissue deposition (Poudyal et al. 2013; Anderson et al. 2014; Folino et al. 2015) , all of which are considered beneficial with respect to cardiac function. Although not often studied, diets enriched with α-linolenic acid (ALA), despite the low conversion efficiency to EPA and DHA (ß8%) (Poudyal et al. 2011; Poudyal et al. 2013; Creus et al. 2016) , promote similar cardiovascular benefits, including improvements in oxidative stress and inflammation (Xie et al. 2011; Nounou et al. 2012) . Therefore, n-3 PUFA, in general, appear to have anti-inflammatory, anti-oxidant and anti-thrombotic properties, and may represent a viable functional avenue for the prevention of diabetic cardiomyopathy.
In addition to dietary interventions, endurance exercise is also recommended as a prevention and treatment strategy for cardiovascular disease because exercise increases mitochondrial content and ventricular chamber dimensions, resulting in physiological hypertrophy that is not associated with pathological dysfunction . Indeed, although ALA metabolism improves vascular relaxation, in part by increasing total levels of vasodilators such as prostacyclin (Simopoulos, 2006) , exercise does so by activating the endothelial nitric oxide synthase (eNOS) pathway (Maiorana et al. 2012) , at the same time as increasing left ventricular capillary density (Holloway et al. 2015) . Although it is tempting to speculate that these divergent pathways could result in an additive effect following combination therapies, previous research has demonstrated that n-3 PUFA supplementation attenuates exercise-mediated splenic immune cell activation (Robinson & Field, 1998) , raising the possibility that n-3 PUFA supplementation will attenuate the typical exercise-mediated response in diverse tissues. Moreover, n-3 PUFAs display anti-oxidant capabilities and, although anti-oxidants can improve cardiac complications (Kumar et al. 2013; Tabei et al. 2015) , reactive oxygen species (ROS) regulate exercise-induced cell signalling events (Sena & Chandel, 2012; Saleem & Hood, 2013) and, as a result, anti-oxidants reduce mitochondrial biogenesis following exercise (Gomez-Cabrera et al. 2008; Ristow et al. 2009; Strobel et al. 2011) . As such, it remains unclear whether dietary supplementation of ALA will be beneficial or detrimental with respect to the exercise-induced improvements in cardiovascular contractile function. Accordingly, to examine this, we investigated the independent and combined effects of ALA dietary supplementation and exercise training in the obese Zucker rat. These animals develop hyperlipidaemia and obesity (Zucker & Zucker, 1961; Augstein & Salzsieder, 2009; Thanos et al. 2013) and, subsequently, diastolic dysfunction, which is a hallmark of diabetic cardiomyopathy (Alonso-Galicia et al. 1996; Young et al. 2002; Xiang et al. 2008; Zhou et al. 2010; Aroor et al. 2013 ). Given the current evidence, it was hypothesized that ALA and exercise would independently and additively prevent diabetic cardiomyopathy.
Methods

Animals
Six-week-old male obese Zucker rats (n = 32) were purchased from Charles River Laboratories (St. Constant, Quebec, Canada). Animals were housed in wire cages under a 12:12 h light/dark cycle within a temperature-regulated environment with unrestricted access to a standard chow diet and water available ad libitum. After a 7 day acclimatization period, animals were randomly assigned, in equal numbers, to one of the following groups: control sedentary (C-Sed), control exercise (C-Ex), ALA sedentary (ALA-Sed) or ALA exercise (ALA-Ex). All procedure were approved by the University of Guelph Animal Care Committee.
Diets and feeding
Both diets used in the present study were purchased through Research Diets (New Brunswick, NJ, USA). A control diet (20% protein, 64% carbohydrate and 16% fat; AIN-93G) was fed to the C-Sed and C-Ex groups. As a result of slight differences in the energy content of each diet, food consumption of control animals was recorded by weight, and these data were used to pairfeed animals fed an ALA supplemented diet (20% protein, 54% carbohydrate and 26% fat; #AIN-93G + 10% flaxseed oil). Our laboratory has previously used gas chromatography to confirm the respective fatty acid compositions of these diets (Matravadia et al. 2014) .
Exercise
Exercising animals (n = 16) were acclimated to two Exer-3R treadmills from Columbus Instruments (Columbus, OH, USA) during three bouts of exercise (20 min at 10 m min −1 ; 5% grade) beginning 1 week after delivery. The intervention began the following week, with animals being run for 45 min at a frequency of five times per week. Baseline running intensity for experimentation was 15 m min −1 (with a 5% grade) during week 1, which was progressively increased as follows: 15 m min −1 at a 10% grade (week 2) and 15 m min −1 at a 15% grade (weeks 3-4).
Normalized heart weight
Forty-eight hours after the last bout of exercise, animals (n = 31) were anaesthetised with a 4% self-contained isoflurane gas mixture. The heart was removed and weighed and the tibia was removed and measured for normalization to heart weight, as described previously (Holloway et al. 2015) . A small portion of the anterolateral portion of the LV free wall was removed and embedded in OCT embedding compound for histochemical analysis (see below) and the remainder was snap frozen with liquid nitrogen and stored at -80°C.
Non-invasive haemodynamics
Resting MBP and heart rate (HR) measurements were taken from conscious, restrained animals (n = 31) using the CODA R tail-cuff system (Kent Scientific, Torrington, CT, USA), as described previously (Holloway et al. 2015) . Experiments were completed in a dark, temperature controlled room (22°C) and acclimated animals were placed in covered restraint holders on a heated pad. Twenty-five MBP measurements were taken, with only the averages of the final 10 readings being used. Exercising animals were given a 24 h rest period prior to this procedure to ensure that basal physiological parameters were being recorded.
Echocardiography
An echocardiogram was performed on all animals (n = 31) using Vevo 2100 Ultrasound Imaging Software (VisualSonics, Toronto, ON, Canada). Animals were anaesthetized (ß2 min exposure to a 5% isoflurane gas mixture) in a sealed chamber, and were then secured on preheated handling table with an integrated isoflurane gas mixture (2-3%) to maintain anaesthesia. An advanced physiological system was used to monitor ECG, ventilatation rate and body temperature. A mounted high frequency microscan array transducer was oriented on shaved animals for imaging across the parasternal long axis of the heart. Several B-mode and M-mode images were taken at the same time as ensuring an unaltered animal positioning. This procedure was allotted a maximum anaesthesia time of 30 min, and animals were carefully monitored to ensure sustained physiological parameters. There were three animals with a HR below 300 at the end of anaesthesia and therefore these data were excluded from analysis. Exercising animals were given a 24 h rest period prior to this procedure to ensure that basal physiological parameters were being recorded.
Western blotting
Whole-muscle crude homogenates (n = 31) generated from ß40 mg of LV cardiac mass were loaded J Physiol 595.13 at a volume of 10 μl, separated by electrophoresis using the SDS-PAGE method, transferred to polyvinylidene difluoride membranes and then analysed as described previously (Holloway et al. 2015) . Commercially available antibodies were used as follows: total oxidative phosphorylation (OXPHOS) antibody cocktail (MitoSciences, Eugene, OR, USA), manganese superoxide dismutase 2 (SOD2; Abcam, Cambridge, MA, USA), 4-hydroxynonenal (4-HNE; Alpha Diagnostic, San Antonio, TX, USA), cytochrome c oxidase IV (COX-IV; Invitrogen, Carlsbad, CA, USA), α-tubulin (Abcam), catalase (Abcam), vascular endothelial growth factor (VEGF; Abcam), hypoxia inducible factor 1α (HIF1α; Abcam) and endothelial nitric oxide synthase (eNOS; Abcam). All blots were quantified using chemiluminescence (Perkin Elmer, Woodbridge, ON, Canada) and the Fluorchem HD2 system (Alpha Innotech; Fisher Scientific, Ottawa, ON, Canada). Variability was limited by cutting gels and using a single membrane for transfer and subsequent analysis. Equal protein loading was verified by using Ponceau staining and α-tubulin as a loading control.
Protein carbonylation
Protein carbonylation was assessed using the commercially available Oxyblot Protein Oxidation Detection Kit (Millipore, Billerica, MA, USA), as described previously (Matravadia et al. 2014) .
Lipid content
The contents of serum free cholesterol and serum esterified cholesterol were assessed using a commercially available cholesterol diagnostics kit (BioMaxima, Lublin, Poland).
Histochemistry
LV and red gastrocnemius tissue embedded in OCT were cut into 10 μm cross-sections using a cryostat (Thermo Fisher Scientific, Ottawa, Canada) that was maintained at a constant temperature of −20°C. Cross-sectional area (CSA) measurements and capillary density quantification were completed as described previously (Holloway et al. 2015) . Briefly, CSA was calculated from 10 separate regions of each cross-section (greater than 50 per fibre type, per muscle, per animal) and by outlining all fibres. Capillaries were counted manually from 10 separate regions of each cross-section (greater than 50 fibres per cross-section) and longitudinal fibres were excluded from the analysis. All imaging was completed using an Axio Observer Fluorescence microscope, and the associated AxioVision software (Carl Zeiss, Oberkochen, Germany).
To quantify LV fibrosis, picrosirius red was used to stain all sections, as reported previously (Puchtler et al. 1973 ).
Sections were imaged using a FSX 100 light microscope (Olympus, Tokyo, Japan) and images were acquired using Cell Sense software (Olympus). Under a light microscope, picrosirius red staining reveals cardiac fibres and cytoplasm as yellow, and collagen as red. To quantify the extent of fibrosis, ImageJ software (NIH, Bethesda, MD, USA) was used to threshold images, which isolated the total area of yellow (muscle fibres and cytoplasm) vs. red (collagen). Fibrosis was expressed as a percentage of the total tissue area. Fibrosis was determined in each animal by taking the average of five different locations within the LV, as described previously (Holloway et al. 2015) .
Statistical analysis
A one-way ANOVA was used in conjunction with a Newman-Keuls multiple comparison post hoc analysis to determine the effects of exercise and ALA supplementation on the four experimental groups. This analysis did not show a significant difference in some key parameters that were being targeted, and therefore a Fisher's least significant difference post hoc analysis was used to compare differences between each experimental group. P < 0.05 was considered statistically significant.
Results
Lipid profiles
To determine the effectiveness of the ALA diet, we first analysed serum from all animals aiming to determine corresponding lipid profiles. In accordance with previous findings (Matravadia et al. 2016) , all animals being supplemented with ALA had significantly decreased levels of n-6 fatty acids (LA and AA) and significantly increased levels of n-3 fatty acids (ALA, EPA and DHA) in total FFA (Fig. 1A) , thus validating the effectiveness of our dietary intervention.
Because hyperlipidaemia is a risk factor preceding the development of diabetic cardiomyopathy, we analysed serum free cholesterol (FC) (Fig. 1B) and serum esterified cholesterol (EC) (Fig. 1C) to determine potential therapeutic benefits of ALA and endurance exercise. Although serum FC levels were not altered in ALA-Sed animals, exercise training decreased FC and a further reduction was observed following ALA-Ex treatment (Fig. 1B) . In addition, although ALA increased serum EC levels, the combined ALA-Ex group was lower than all other groups (Fig. 1C) . Despite these differences, all experimental groups showed a similar decrease in the FC/EC ratio compared to control animals (Fig. 1D) . These data suggest that the combined use of ALA and endurance exercise results in additional benefits with respect to a decrease in serum cholesterol content, which could translate into improved indices of cardiac function.
Echocardiography
We next utilized echocardiography, which is a non-invasive method of estimating indices of cardiac function, aiming to determine potential additive benefits of ALA and endurance exercise. Both cardiac output (Q) (Fig. 2B ) and stroke volume (SV) (Fig. 2C) were significantly higher in the ALA-Sed and C-Ex groups compared to the control group and, notably, an additive improvement in Q was apparent in the ALA-Ex group (Fig. 2B) . Although not achieving statistical significance, ALA-Ex animals did show an increasing trend in SV compared to ALA-Sed animals (P = 0.06), supporting the additive effect in Q. Although ESV did not change in any experimental group compared to control animals ( Fig. 2E) , end-diastolic volume (EDV) was significantly increased in the ALA-Sed and C-Ex groups, with an additive improvement being shown in the ALA-Ex group (Fig. 2D) . All of the echocardiogram data are provided in Table 1 . Additionally, although body weight was not different in ALA fed animals, because all animals were pair-fed to C-Sed, the exercise trained animals displayed a reduction in body weight, presumably as a result of the caloric expenditure associated with exercise training (Table 1) .
LV fibrosis
Given the additive increase in EDV, we next examined fibrotic tissue deposition within the LV to determine whether this was attenuated following the combined intervention. Both ALA-Sed and C-Ex animals showed significant reductions in fibrosis compared to the control group ( Fig. 3A and B) . In addition, LV fibrosis was lowest following the combined intervention because LV fibrosis was lower in ALA-Ex animals compared to both C-Sed and ALA-Sed, and there was a trend (P = 0.13) for a reduction compared to C-Ex (Fig. 3B) . These data suggest that a reduction in LV fibrosis may contribute to the observed improvement in EDV and Q observed following the combined intervention.
Mitochondrial content
Because both ALA and endurance exercise have been implicated in mitochondrial biogenesis, and both rates of LV relaxation and EDV represent ATP-dependent processes, we next evaluated markers of mitochondrial content in the LV as a potential alternative explanation for the additive effects. Specifically, we used western blotting to examine the protein contents of subunits in the electron transport chain. However, neither ALA, nor endurance exercise were sufficient in eliciting a change in any of the proteins that were analysed ( Fig. 4A and B) , suggesting that an increase in mitochondrial content does not contribute, in our experimental model, to the observed improvements in cardiac function.
Oxidative stress
Because oxidative stress is considered to be a principle mediator of diabetic cardiomyopathy, we also examined markers of oxidative stress aiming to determine whether there were improvements following the combined intervention. However, no significant differences were observed between groups in lipid peroxidation (4-HNE) or in the expression of endogenous anti-oxidants SOD2 (an enzyme that converts superoxide radicals to hydrogen peroxide and diatomic oxygen) and catalase (an enzyme that neutralizes hydrogen peroxide) (Fig. 5A, C and  D) . Although not reaching significance (P = 0.06), protein carbonylation (protein oxidation promoted by oxidative stress) was lowered in the C-Ex group (Fig. 5B) but not in the combined ALA-Ex group and Anthropometric data Tibia length (cm) 3.4 ± 0.1 3.2 ± 0.1 3.1 ± 0.1 3.2 ± 0.1 Heart weight (mg) 895.9 ± 11.9 890.8 ± 30.0 956 ± 17.7 968.0 ± 44.0 Heart weight/tibia length (mg cm −1 )
267.6 ± 6.7 284.2 ± 12.3 307.7 ± 6.9 * 299.2 ± 12.0 * Body weight (g) 422.9 ± 9.3 401.0 ± 9.5 379.5 ± 9.1 * 381.8 ± 13.4 * Heart weight/body weight (mg g -1 )
2 . 1 ± 0.1 2.2 ± 0.1 2.5 ± 0.1 * 2.5 ± 0.1 * † Data are expressed as the mean ± SEM. n = 5-8 for all groups. * Significant difference from C-Sed animals. † Significant difference from ALA-Sed animals. ξ Significant difference from the other three experimental groups.
therefore cannot explain the observed additive positive responses.
LV histochemistry
Given that diabetic cardiomyopathy is also characterized by pathological remodelling and changes in structural parameters of the heart, we next examined capillarization of the LV (Fig. 6A) . The capillary to fibre ratio was not altered in ALA-Sed animals; however, exercising animals displayed a ß20% increase compared to sedentary animals ( Fig. 6B) . Interestingly, all intervention groups showed a significant increase in CSA compared to control animals ( Fig. 6C) . Because exercise proportionally increased CSA and capillary content, the capillary density was not altered in these animals (Fig. 6D) . By contrast, ALA-Sed animals displayed a ß12% decrease in capillary density (Fig. 6D ). Despite these differences, VEGF and eNOS were not altered in any group (Fig.s 6E-G) . Altogether, although these data suggest that ALA reduced the capillary density in the LV, they cannot explain the additive functional improvements observed in ALA-Ex animals. 
Haemodynamics
Because we could not identify structural, or biochemical processes within LV to account for the improvements in SV, we next examined MBP/afterload. A significant reduction of ß6% was seen in both ALA-Sed and C-Ex animals compared to control animals (Fig. 7A) . Notably, the ALA-Ex animals displayed an additive ß10% reduction in MBP compared to control animals (Fig. 7A) . Because Q increased (Fig. 2B) , the reduction in MBP was a result of a reduction in total peripheral resistance (TPR) (Fig. 7B) . Specifically, both ALA-Sed and C-Ex animals displayed a ß25% reduction in TPR, and ALA-Ex animals showed a greater ß35% reduction compared to C-Sed animals.
Skeletal muscle histochemistry
We next aimed to determine whether the reduction in TPR was a result of increases in peripheral capillary volume. The independent consumption of ALA did not alter indices of angiogenesis ( Fig. 8A-G) . By contrast, exercise training increased the capillary to fibre ratio (Fig. 8B ), decreased fibre CSA (Fig. 8C ) and therefore dramatically increased (ß2-fold) red gastrocnemius capillary density (Fig. 8D ). In addition, although not altering VEGF content (Fig. 8E) , exercise training increased HIF1α (Fig. 8F ) and eNOS ( Fig. 8G ) content, independent of dietary composition.
Discussion
In the present study, we investigated the independent and combined effects of ALA supplementation and endurance exercise training on cardiovascular function in the obese Zucker rat. Although combining ALA and endurance exercise training was not associated with additive changes in markers of LV oxidative stress, anti-oxidant capacity, mitochondrial content or angiogenesis, we provide evidence for greater improvements in both structural and functional cardiac parameters when consuming ALA during exercise training. Specifically, serum cholesterol profiles, EDV, SV and Q were improved, whereas myocardial fibrosis, MBP and TPR were reduced. Notably, we also provide no evidence of any detrimental effects following the combination of ALA and endurance exercise training. Altogether, the present data support the effectiveness of combining ALA and endurance exercise interventions in the prevention of diabetic cardiomyopathy. It has been well established that the consumption of n-3 PUFA (Slivkoff-Clark et al. 2012; Anderson et al. 2014; Colussi et al. 2017) and endurance exercise training (Gordon et al. 2014 ) improve global lipid profiles as a risk reduction strategy. However, the effects of n-3 PUFA in combination with exercise training remain poorly defined because previous research has demonstrated that n-3 PUFA consumption compromises exercise-mediated splenic immune cell activation (Robinson & Field, 1998) and several nutritional compounds displaying anti-oxidant properties can blunt exercise adaptations (Gomez-Cabrera et al. 2008; Ristow et al. 2009; Strobel et al. 2011) . Nevertheless, in the present study, although neither exercise, nor ALA independently reduced total serum cholesterol content, in support of previous research (Goh et al. 1997; Poudyal et al. 2013; Mann et al. 2014) , the combined intervention decreased total cholesterol and the FC/EC ratio, comprising changes suggestive of an additive improvement in cardiovascular disease risk reduction. Previous studies have demonstrated that improvements in lipid profiles, such as high-density lipoprotein (Warner et al. 1989 ) and the concentration of pro-atherogenic chylomicron remnants (Slivkoff-Clark et al. 2012) , occur following a combined n-3 PUFA and exercise intervention. In addition, the consumption of flaxseed, which is high in ALA, in combination with exercise training, has been shown to improve plasma lipoprotein levels, oxidative stress and inflammation in a model of myocardial ischaemia (Naounou et al. 2012) . The additive improvement in serum cholesterol profiles observed in the present study following the combined treatment of ALA and endurance exercise represents an important reduction in the risk for developing cardiovascular disease (Kannel, 1971; Stamler et al. 1986) . Therefore, there is a growing body of literature, in various pathological models, demonstrating that the consumption of ALA during endurance training represents an ideal strategy for improving lipid profiles. Hyperlipidaemia, resulting from chronic exposure to high levels of serum FFA, is a causal factor for the development of diabetic cardiomyopathy. In addition to an improvement in serum cholesterol profiles, ALA-Ex animals displayed greater increases in EDV, SV and Q. . αtubulin was used as a loading control. Data are expressed as the mean ± SE (P < 0.05).
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Because no alterations were observed in ESV or HR following the combined intervention, the increase in Q can be largely attributed to an improvement in diastolic function. There are several cellular mechanisms that can contribute to improvements in diastolic function (Christoffersen et al. 2003; Dong et al. 2006; Boudina & Abel, 2010) and, although we could not detect changes in many of these, including LV mitochondrial OXPHOS protein content, markers of oxidative stress and endogenous anti-oxidants, all animals displayed significant reductions in myocardial fibrosis compared to the control group, an effect that was greatest in the ALA-Ex group. Although previous research has indicated that both ALA and endurance exercise can individually reduce fibrotic tissue deposition in the LV (Pinheiro et al. 2007; Poudyal et al. 2013) , in the present study, ALA-Ex animals displayed a trend (P = 0.13) for a further decrease in myocardial fibrosis compared to C-Ex animals, suggesting a possible greater attenuation in fibrosis. It therefore remains to be determined whether this absence of a statistical difference reflects insufficient statistical power in the present study, or whether an additive decrease in LV fibrosis can explain the additive improvements in both EDV and Q observed following ALA-Ex. A common aetiology of diabetic cardiomyopathy is the development of diastolic dysfunction preceding systolic dysfunction; responses that occur independent of coronary artery disease and hypertension (Boudina & Abel, 2010; Zheng et al. 2015) . In the present study, despite the absence of severe hypertension, ALA and endurance exercise both decreased MBP, and further improvements were apparent in ALA-Ex animals. As a result of the increases displayed in Q, the reduction in MBP was attributed to a pronounced reduction in TPR, and this probably also contributed to the observed increase in SV (Mozaffarian, 2007; Miller et al. 2014) level of skeletal muscle, endurance exercise promoted an increase in eNOS and HIF1α content, and these changes coincided with a significant increase in capillary density.
In disease states such as diabetes, angiogenesis is often inhibited, thereby reducing blood flow and oxygen delivery to tissues (Hink et al. 2001) . Endurance exercise has been shown to increase angiogenesis and blood flow, which offers an explanation for the reduction seen in TPR Composite wide-field microscopy images of the red gastrocnemius muscle. Left to right: C-Sed, ALA-Sed, C-Ex and ALA-Ex animals (A), capillary to fibre ratio (B), cross-sectional area (C), capillary density (D), VEGF (E), HIF1α (F) and eNOS (G) (n = 7-8 for all groups). α-tubulin was used as a loading control. Data are expressed as the mean ± SE (P < 0.05). * Significant difference from C-Sed animals. †Significant difference from ALA-Sed animals.
[Colour figure can be viewed at wileyonlinelibrary.com] J Physiol 595.13 (Pinheiro et al. 2007; Moore et al. 2010) . By contrast to endurance exercise, ALA did not have an effect on angiogenesis or capillary density in skeletal muscle and was also shown to reduce capillary density in the LV. Therefore, the ability of ALA to reduce MBP and TPR is probably a result of its vasodilatory and anti-thrombotic properties, rather than direct changes in capillarization. Specifically, the consumption of n-3 PUFA has been shown to increase the total content of eicosanoids such as prostacyclin, which is a powerful vasodilator and inhibitor of platelet aggregation, as well as other eicosanoids that exert similar effects (Simopoulos, 2006; Schmitz & Ecker, 2008) . Therefore, to improve MBP and TPR, endurance exercise probably functions to increase blood flow delivery through angiogenesis, whereas ALA acts by stimulating vasodilatation and inhibiting platelet aggregation. These divergent mechanisms of action may contribute to the additive improvements observed in both MBP and TPR, and thus would also provide a link to the additive improvements displayed in EDV and Q. It should be acknowledge that, out of necessity, consuming an ALA-fortified diet predicates a reduced consumption of carbohydrate. A low carbohydrate diet has previously been shown to improve coronary endothelial function in the obese Zucker rat (Focardi et al. 2007) and it is therefore possible that part of the beneficial responses observed in the present study following ALA consumption are attributed to the reduced carbohydrate intake in these animal. However, although this remains conceivable, the improvements in endothelial function previously observed occurred following a 50% reduction in carbohydrate intake (Focardi et al. 2007) , whereas, in the present study, animals only decreased carbohydrate intake by ß1.5 g daily, representing a 6% reduction in carbohydrate intake. Nevertheless, it should be emphasized that animals consuming an ALA supplemented diet consumed a small variation in dietary macronutrient intake.
Summary
The present study investigated both the separate and combined effects of ALA supplementation and endurance exercise training on cardiovascular function in an obese animal model. The current data highlight the ability of both ALA supplementation and endurance exercise training with respect to improving lipid profiles, reducing myocardial fibrosis, improving diastolic function, and lowering MBP, at the same time demonstrating that combining ALA with endurance exercise training additively lowers MBP and improves diastolic function in obese Zucker rats. We propose that these effects occur as a result of ALA and endurance exercise training acting through divergent mechanisms of action. These novel findings provide compelling evidence for the combined use of ALA and endurance exercise as a potent therapeutic strategy in the prevention of diabetic cardiomyopathy.
